A proof-of-principle demonstration for extracting military-related technologies from a countrys total technology publications has been performed, and applied to the Indian science and technology literature # . The method is general and can be applied to the extraction of any meta-category (e.g., intelligence-relevant technologies, infrastructure-relevant technologies, etc) which is not easily obtained from document clustering or factor analysis. The methodology for identifying relevant literature on military science appears to provide credible results. The volume of literature retrieved will vary depending on how strongly relevant is the desired literature. For the same definitions of military relevant, the volume of Indias literature in the Ei Compendex database was an order of magnitude less than that of the USA or China.
INTRODUCTION
Identifying military-relevant technologies from the science and technology (S&T) literature is a query development issue. While identification of records that contain obvious military terms (aircraft carrier, ballistic missile, etc) is relatively straight-forward, identification of the technologies associated with those terms is much more complex. Some type of pattern extraction/association approach between the military concepts and the related technologies is required. The military concept-technology concept linkages can be direct (e.g., phrase co-occurrence 1 ) or indirect (e.g., latent semantic analysis 2 , latent Dirichlet allocation 3 , citation linking 4 , organisational linking, journal linking, author linking, etc).
In a previous series of papers and reports [5] [6] [7] [8] [9] [10] , an assessment of Indias open literature in science and technology was done. It was shown that, for the 15 year period from 1980 to 1995, Indias growth in the open literature remained stagnant, but in the decade since 1995, it has started to increase. Because in those studies, a ready mechanism for identifying which S&T was militaryrelated, and the strength of the relationship was not used, they decided to undertake a proof-of-principle demonstration of a methodology that would identify which of Indias S&T was military-related. The present paper reports the first phase of the overall demonstration, namely, identification of Indias military-identifiable and strongly military-relevant research.
BACKGROUND
There is modest literature on text-based pattern extraction relative to non-text. Lim 11 , et al. framed the problem accurately from users perspective. They observed that many information extraction systems use a pattern-matching approach, but the patterns have to be created for each target task or target domain. To improve information extraction systems and make these portable to various domains, a mechanism is required to create patterns easily. They proposed a method to automatically construct verb class and patterns from an untagged corpus. Yoon and Kerschberg 12 discovered association rules based on a users query, including pattern extraction from both positively-and/or negatively-related query views; pattern association across attributes to enhance the semantics of patterns, while performing pattern spanning within an attribute domain to enhance the supportiveness of the resulting pattern. Zheng 13 , et al. used a single-link clustering approach, and extracted textual patterns from the separate clusters. While these automated approaches provide reasonable results for extracting interesting associations from large volumes of text in real time, the linkages do not have adequate specificity for the type of detailed analysis desired in the present study.
METHODOLOGY
The following two-step approach was taken for the present paper. In the first step, an iterative relevance feedback approach was taken to generate a query to retrieve militaryidentifiable documents. These are documents that are unmistakably military-oriented. These contain terms like artillery, aircraft carrier, fighter aircraft, weapons of mass destruction, etc. In the second step, an iterative relevant feedback approach was taken to generate a query to retrieve Celebrating Sixty Years of Publication strongly military-related documents. These are documents that may or may not contain the military-identifiable terms, but the technologies within these documents are those that are strongly associated with the military-identifiable documents.
In the first step, term like military was used to query the abstract and keyword fields (in some cases, controlled vocabulary fields as well), records were retrieved, phrases and phrase combinations that were unmistakably military (e.g., artillery, aircraft carrier, etc) were extracted, added to the query, and the process was repeated until convergence. Initially, organisation names (e.g., XXX military academy) were queried as well, but many of the records retrieved were not sufficiently military-identifiable, so the organisation/ address field was not accessed further.
The second step proved to be much more difficult. The objective was to identify technology text patterns that occurred in the military-identifiable records, and to add these text patterns to a query that would retrieve records containing military-relevant technologies. Unfortunately, there were many types of technology text patterns that could be extracted from the military-identifiable records, and these different text patterns resulted in different strengths of relationships between the technologies in the records retrieved and their linkages to the military application.
For example, the simplest pattern was a list of technology phrases extracted from the military-identifiable records by straight-forward phrase frequency analysis. This list was obtained by visual inspection of all phrases contained within the military-identifiable records, above a pre-selected threshold frequency of occurrence. Selected phrases were entered into the Ei Compendex database search engine, and the records retrieved were sampled for military relevance. In many cases (e.g., information technology, neural networks, signal processing), only a small fraction of the retrieved records had a direct relationship to the military application, although one could argue that for example signal processing expertise focused on a non-military application could be readily transferable to a military application. The retrieval volume was quite large, given the broad coverage of the technologies identified.
The next simplest pattern was a variant of the first, whereby more detailed stand-alone phrases were extracted. Thus, instead of extracting signal processing as above, a specific variant like radar signal processing that might be more targeted to a military application was extracted. A query spanning six pages in length was generated, consisting of ~1600 words or approximately 500-600 long multi-word phrases. Again, hundreds of thousands of records were retrieved, with perhaps a slightly higher fraction of military-relevant documents, but still relatively low.
The final two patterns examined were phrase combinations. The first combination approach was inspired by the first authors literature-related discovery methodology, whereby document clustering or factor analysis was performed on the military-identifiable documents, and combinatorials of the key technologies in each cluster or factor was used as a query. This approach yielded records somewhat closer to what was desired, but still of insufficient military specificity.
The second combination approach (which was used for the present study) was derived as follows:
A list of the key technologies in the military-identifiable records was generated by visual inspection of the phrases in these records (e.g., signal processing, information technology, synthetic aperture radar, neural networks, wireless networks, etc).
A second list of desired functions or actions or more specific technologies was generated by visual inspection of the phrases in these records (e.g., target identification, intrusion detection, obstacle avoidance, target recognition, active jamming, etc).
The two lists were matrixed against each other, and the potential combinations reflected by the contents of each cell were broad technologies focused on achieving a military-driven mission (e.g., signal processing AND target detection, genetic algorithms AND feature extraction, etc). This approach narrowed the retrieval considerably to strongly military-relevant technologies.
Thus, it appears that classes of technology document retrievals need to be defined with different degrees of military-relevance. This paper is limited to retrieving the military-identifiable and strongly military-relevant technologies for India. In future studies, some of the broader patterns described above might be used for the retrieval (depending on the study objectives), in which case the additional technologies retrieved might have to be classified as militaryrelevant or moderately military-relevant.
It should be noted that while the query component for retrieving military-identifiable records will almost always retrieve records that are unmistakably military-related, the query component for retrieving strongly military-relevant technologies will usually, but not always, retrieve records that are unmistakably military-related. These combinations of technologies, that are characteristic of strongly militaryrelated records, can be used for non-military purposes. For example, the combination of technologies required to identify and track surface warships could also be used to identify and track selected animal herds. The key here is that the capability exists for the potential military application, even though the record may not indicate the military application.
DATABASES USED
It was desired to use a database(s) with the following properties:
relatively homogeneous records; peer-reviewed journals and conference proceedings; strong military applications component; and strong applied technology component.
The first choice was the Science Citation Index (SCI), because of its strong bibliometric component, and its citation capability. However, the SCI is a mainly basic research database, with some applied research, and has neither the Celebrating Sixty Years of Publication terminology nor the coverage of the advanced military applications (nor the associated advanced technology development) that was needed for the initial phase of this study.
It was then decided to use the Ei Compendex, even though it has no citation capability, and its bibliometrics are not as comprehensive as those of the SCI. The Compendex has good coverage of military and other advanced technologies, and the journals and conference proceedings are of high quality. A problem encountered with this database was that extensive country and institutional data cleanup was required, and the cleanup process was manual and labourintensive.
The results presented must be viewed in the context of Indias science and technology infrastructure, both at the higher planning/allocation level and at the execution/ performer level. To provide that context, a summary of this science and technology infrastructure has been presented.
INDIAS S&T AND R&D INFRASTRUCTURE
India has a huge R&D infrastructure with 400 national laboratories, 1300 recognised in-house industrial units, besides several government departments and private institutions and foundations engaged in scientific research. The R&D work is also undertaken in 358 universities in the country. In spite of this impressive R&D infrastructure in the country, the amount of funds directed for R&D is below 1 per cent of GDP. By comparison, R&D as percentage of GDP in 2006 was 1.42 per cent for China, 2.62 per cent for USA and 3.39 per cent for Japan 14 . Beyond all these percentages, the allocations to technical areas would need to be examined to provide a fuller context, which is beyond the scope of the present study.
Despite relatively low R&D share in GDP, positive trends are seen for India. The National India R&D expenditure Indias major source of R&D funding comes from government (approx. 75 % on an average). This is in stark contrast with developed and some emerging economies (such as China) where the involvement of Government in R&D spending is 30 per cent to 40 per cent (lower/upper end). Industry is the major driver of R&D activity in these countries and this is cited as the plausible reason for these countries attaining between 2 per cent to 4 per cent R&D expenditure as a percentage of GNP. China is a case where R&D as percentage of GNP is almost 1.5 per cent with the industry contributing almost 57 per cent towards overall R&D investment in the country 17 18 . There were 3569 projects approved for funding during 2005-06.
Defence Research Infrastructure
Indias formal military research is primarily undertaken by DRDO which is under Ministry of Defence. The DRDO operates through a network of around 52 laboratories and establishments located nationwide and manned by over 34,000 personnel, including about 16,000 scientific/technical persons. As illustrated earlier, in comparison to R&D allocation across different scientific agencies, defence R&D has a high priority (accounts for approx. 35 % of total allocation to scientific agencies). However, in terms of share within the defence budget, defence R&D constitutes only 6 per cent ($1.338 B in 2007-08) of the total defence budget 19 . In contrast, major military powers spend a much higher proportion of their budgets on military R&D. For instance, the United States spends around 16 per cent of its defence budget (excluding supplemental funding for ongoing operations in Iraq and Afghanistan) on research, development, test, and evaluation, and its late-2008 pre-stimulus estimated defence R&D (~$86 B) is about 60 per cent of total R&D (~$147 B) in the Federal R&D portfolio. But one has to keep in consideration that Indias case is different from USA, as government accounts for approx. 75 per cent of Indias R&D expenditure whereas it is only approx. 30 per cent in the case of USA.
The DRDO has identified twenty topics as thrust areas for research (http://www.drdo.com). These twenty topics are: Stealth (includes radar absorbing materials and structures, air frame shaping); GaN devices (high-frequency/ high-temperature applications); SiC devices (includes highpower electronics/high-frequency devices for telecommunication uses), soldier-as-a-system (clothing, communication, and weapons system), nanotechnology, TeraHertz (detection of hidden explosives/drugs/weapons, detectors and sensors), sensors, laser technology, functional materials, solar energy, multiband conformal antennas, gas turbine technologies, hypersonics, nanophotonics, highenergy materials, high-power microwaves including EMP, network-centric operations, MEMS (MEMS-based microsensors and actuators, drug delivery system), high-efficiency aerodynamics and active protection system (radar system, detection of incoming threat/early warning). The DRDO has strict time schedules; thus, it does more developmental work than research in its own R&D units. There is a committed effort for capability enhancement through extraneous linkages. Also, DRDO is using the linkage model for addressing the thrust areas. The institutional channels used by DRDO for academic interactions are: Extramural funding, CARS, Centres of excellence, various Research Boards.
There are no separate provisions in public-funded universities and civilian laboratories for defence-related research. There has been a proposal for setting up a specialised defence university but that is yet to take final shape. However, DRDO is actively engaged in stimulating military research in universities/engineering schools and research centres. The intra-research linkages are intended to provide needed inputs for addressing specific goals as well as help DRDO in long-term futuristic frontline research that can create state-of-the-art weapon systems and other highend military applications. The desired objective is to create a network of specialised centres in universities/research organisations and develop skilled manpower that can synergise military research in India. Universities (especially engineering schools of repute) in the country have been engaged in research that can have dual applications (civilian as well as defence). Some of the universities (IITs, IISc, Anna University) have interdisciplinary/multidisciplinary schools that have strong linkages with defence laboratories such as cryogenic engineering, electronics and electrical communication engineering at IIT-Kharagpur. Among CSIR laboratories, especially National Aeronautical Laboratory (NAL) has active collaboration with DRDO. Two other public-funded establishments, namely, Indian Space Research Organization (ISRO) and Department of Atomic Energy (DAE) have strategic linkages with DRDO. Strong horizontal linkages of DRDO laboratories with ISRO have been instrumental in considerable success of DRDOs missile development programme; e.g., advanced long range guided missiles, etc.
The main instrument of DRDOs linkage with universities is through extramural funding. A broad analysis of four years of extramural funding by DRDO (2002 DRDO ( -03 to 2005 shows that the funding was mainly in Engineering and Technology (E&T) 18, 20 . Within E&T, AR&DB (Aeronautical Research and Development Board) provides major funding. The AR&DB is also involved in creating centres of excellence and capital investments (for example at IIT-Mumbai and IIT-Kharagpur). Table 1 highlights the funding pattern in E&T. Table 1 clearly shows that IITs and IISc account for majority of the projects. Physical sciences, and to some extent, Chemical sciences are other areas where DRDO is providing extramural funding. In these areas along with IITs and IISc, one finds other reputed universities (such as Anna University, Jadavpur University, some NITs) are also attracting funding.
RESULTS
Military-related research published in the open literature would show the broad capabilities of different institutions in military-related research. It would also show that upto what extent the published research thrust areas match with the thrust areas identified by DRDO. However, publication activity may not show the strategic component of military research as it is covered by confidentiality and non-disclosure agreements.
Numbers of Military-relevant Records
The full query of matrixed terms (~1700 two or threeword terms, representing about 6,000-8,000 term combinations) was entered into the Ei Compendex search engine, and about 47,000 records were retrieved for the 2006-mid-November 2008 time frame, for all countries. The records for about six journals were expunged, since these were viewed as reporting-type records rather than original R&D or reviews, resulting in a final total of about 42,000+ records. Extensive manual affiliation cleanup was required to assign records to the appropriate countries.
There were 1,064 records whose primary authors were from India. To place this in context, there were 12,323 records from USA, 10,511 from China, and 321 from Iran. These records were in the range of 2-3 per cent of total uncleaned publications retrieved. To get more accurate fractions, the total Ei Compendex of millions of records over this time period would have to be retrieved and manually cleaned, a task beyond the scope of this study.
Most Prolific Authors
The Indian authors appearing most frequently have been shown in Table 2 . Their primary institutions and main research themes are included as well. The theme summary based on all the keywords is shown under the authors name, and the high frequency keywords are shown in the last column. The main institutions represented are DRDO-Life Sciences (7), DRDO-Armaments (3), and Annamalai University (3). Chemical warfare and energetic materials seem to be the most frequent themes of the prolific publishers.
Most Prolific Institutions
The Indian institutions appearing most frequently are shown in Computer simulation; mathematical models campus. The DRDO was divided into technology thrusts covering multiple institutions, based on the taxonomy provided on its web home page. All the ISRO campuses were aggregated into one designation, as were all the twenty NIT campuses and the two atomic research campuses. The first column in Table 3 contains the number of records in the database. The second column contains the institution name and the authors summary of the main technical thrusts for the institution, based on all the keywords associated with the institution and reading of selected abstracts. The last column contains the higher frequency keywords, based on an institution/technical phrase cooccurrence matrix analysis.
A couple caveats are in order here. The technical thrust summaries and keywords are based on a small subset of overall institutional capabilities, those deemed strongly military-relevant. Obviously, total institutional capabilities are far broader than those represented here. Also, except for the first few institutions, the numbers are relatively small. There seems to be a sharp drop-off after the top half.
What are the linkages among these institutions? The Compendex database does not have data in the form that will identify co-publishing institutions (or co-authoring). However, a cross correlation map can be generated that shows how institutions relate through the common terminology of their publications. Figure 1 is a crosscorrelation map of the institutions listed in Table 3 . The IITs form a network, but almost all the government research centres (with the exception of DRDO-Human Resources) are outside the network. This is probably due to the specialised nature of the government research centres relative to the more eclectic missions of the research universities, and implies technology development missions in the specialised government laboratories that have little analogue even in the technology institutes. This is all based on the restrictive condition of strongly militaryrelevant research we imposed initially, and there could always be more overlap between the specialty government laboratories and the technology institutes if this condition was relaxed to military-relevant.
Perhaps Fig. 1 does not fully reflect, but the relational structure appears incomplete. Given the integrated and interoperable nature of the final military product, one would expect linkage among the universities and the government laboratories that are developing the military product, and especially between one or more multi-purpose government laboratories and the specialised laboratories depicted in Fig. 1 . These multi-purpose government laboratories would serve to coordinate the research and development, and also serve a second role as the systems integrators of the separate sub-systems being developed by the specialty laboratories. At a minimum, Fig. 1 should have two networks, the university laboratories and specialty government laboratories, bridged by the multi-purpose government laboratories. This combined network would be a first approximation to a small-world network, and provide a reasonably short path of communication among all the institutions that work for the common defense of India.
Sources with Most Indian Papers
The journals and conference proceedings containing the most Indian papers are shown in Table 4 . The Defence Science Journal (DSJ) contains an order of magnitude more papers than the nearest journal/proceedings in line. This should not be surprising. The thrust of the journal is clearly defence, whereas the other journals/proceedings tend to concentrate on specific technologies. Additionally, the DSJ draws most of its authors from India, whereas the nearest journals draw from a broader variety of countries.
Technical Thrust Taxonomy
The retrieved documents were entered into the CLUTO document clustering algorithm, and the resultant four hierarchical level, 16 category taxonomy is shown in Fig.  2 . Only the first and the fourth levels will be discussed; the intermediate level categories will be obvious when the bounding levels are discussed.
The first level is sub-divided into two categories: Physical and Engineering Science and Technology Because of the topical differences between the two categories, there is no overlap in the main journals (with the exception of Defence Science Journal) and conference proceedings. The only main institutional overlap occur in four of the IIT institutions: Madras, Kharagpur, Delhi, Kanpur. While there is no large-scale overlap in the government research centres because of their specialised nature, it is not clear why there is no large-scale overlap in the NIT.
Document Clustering Algorithm
There were 16 elemental (lowest level) clusters generated by the document clustering algorithm, but only 12 are shown on Fig. 1 The focus is on the synthesis and characterisation of explosives and propellants, with some effort on remediation of environmental impact. The dominant institution is DRDOArmaments-30, and the main journals are Defence Science The focus is on welding, fatigue, high strength steels and alloys, projectile impact loading, and explosion resistance. The main institutions are IIT-Kharagpur-10, IIT-Delhi-8, Annamalai Univ-8, Atomic Research-7, IIT-Bombay-6, IISc-6, DRDO-Armaments-6, and the main journals are Defence Science Journal-32 and International Journal of Impact Engineering-6. The focus is on neural networks (especially artificial neural networks) and genetic algorithms for prediction and optimal control and design, including some examples of integrating particle swarm optimization, and fuzzy logic control The focus is on wireless sensor networks (especially mobile ad hoc networks), emphasising routing protocols, energy efficiency, security protocols, quality of service, and the use of these networks for object tracking. The focus is on intrusion detection and prevention, especially in wireless and mobile ad hoc networks, and on increasing capacity through wideband frequency-sharing CDMA using smart antennas and reduced bit error rate (from interference reduction and cancellation). The focus is on imaging/remote sensing, with emphasis on SAR, ground penetrating radars, and thermal imaging, and interest in textures, land coverage, and target identification.
Celebrating Sixty Years of Publication
The main institutions are IIT-Roorkee-10, DRDO-Elec/Comp Sci-9, ISRO-7, NIT-5, Indian Stat Inst-4, and the main journals Some further insights can be derived from the above clusters (research domains). Some of these can broadly be matched to the 20 thrust areas identified by DRDO 1 (refer for thrust area; section Defence Research Infrastructure).
Two clusters, namely, chemical agents and energetic materials are primarily addressed by DRDO. This would imply that these research areas are highly specific to military; these can be classified as military-identifiable according to the terminology.
Two clusters are primarily addressed by IITs: heat transfer (GaN devices), and optimal control/particle swarm/ ANN. This shows the core competency of IITs in areas that have strong relevance for military research.
Four clusters can be identified wherein universities, engineering schools, and research laboratories are active. These clusters are: sensors/routing protocols (MEMS); intrusion detection (active protection system); classification (stealth); and pattern recognition. In these areas, it can be said that the research requires interdisciplinary focus.
Four clusters can be identified that show involvement of different institution types: universities, engineering schools, research laboratories, and DRDO. These four clusters are: fluid dynamics/computational fluid dynamics (aerodynamics); structural/strength of materials/ballistics (functional materials); target tracking/Kalman filter (active protection system); and imaging/remote sensing (active protection system).
The broad identification of clusters with institution types and matching of the clusters with DRDO thrust areas shows the varied linkages in the development of military research capability, and also shows which of the thrust areas are producing outcomes in terms of open literature research papers.
CONCLUSIONS
The methodology for identifying military relevant literature appears to provide credible results. The volume of literature retrieved will vary by how strongly relevant is the desired literature. For the same definitions of military-relevant, Indias literature in the Ei Compendex was an order of magnitude less than that of the USA or China.
The role of information technology in strongly militaryrelevant technology has increased to the point where it has surpassed the more traditional physical and engineering science and technology components associated with militaryrelevance. The leading performers in the information technology component of the strongly military-relevant technologies are the universities and institutes of technology (and ISRO), while the leading performers in the physical and engineering science and technology components are the DRDO laboratories, along with some of the institutes of technology.
It is to be explored whether the DRDO laboratoriesIITs collaborations are integrated to their fullest extent. Extramural funding by DRDO to IITs exhibit one dimension of collaboration; this is more in the sense of one-way knowledge transfer. To investigate two-way knowledge exchange, some collaboration spot checks were performing in the SCI database (basic and applied research), where collaborations would be at the basic research level and would be expected to be higher than collaborations at the advanced technology development level. The fraction of DRDO laboratories total publications which are co-authored with one or more IITs ranged from ~30 per cent (Defence Metallurgical Research Laboratory) to 0 per cent (High Energy Materials Research Laboratory) or 1 per cent (Defence R&D Establishment), with more being on the low side. It is recommended that an examination of all the R&D outputs of the DRDO laboratories be done to ascertain the levels of collaboration with other institutions, especially educational institutions, and whether these actual collaboration levels are near the optimal desired.
